I. INTRODUCTION

W
IND power generation based on the doubly fed induction generator (DFIG) has gained increasing popularity due to its advantages of smaller converters rating around 30% of the generator rating, variable speed, and four-quadrant active and reactive power operation capabilities. Several control strategies have been investigated to improve the power generation performance of DFIG under the ideal grid voltage, i.e., the vector oriented control (VOC) [1] , direct power control (DPC) [2] , etc. However, the grid voltage may always contain negative and harmonic component in practical situation [3] , [4] , and the DFIG system operation performance would be jeopardized if the unbalanced and distorted components in the grid voltage are not taken into consideration.
Up to now, several effective control strategies of the rotor-side converter (RSC) and the grid-side converter (GSC) in DFIG system under grid voltage unbalance, or harmonically distortion, or unbalanced and harmonic distortion condition, have been investigated based on VOC [5] - [11] and DPC [12] - [16] . The several control targets were selected to improve the DFIG operation performance under the nonideal grid conditions, for instance, balanced stator output current, smooth stator output active/reactive power, smooth electromagnetic torque, etc. In [5] , [8] , [9] , and [12] the coordinated control of both GSC and RSC under the nonideal grid voltage conditions has been proposed. Generally, in the coordinated control, RSC was controlled to obtain the smooth DFIG electromagnetic torque and GSC was controlled to ensure the overall smooth active power injected by both the RSC and GSC into the power grid [5] , [8] , [12] . While Yao et al. [9] employed the series GSC (SGSC) to the conventional DFIG system topology, the nonideal grid voltage condition can be well compensated by the SGSC and the DFIG can operate under normal grid voltage condition all the time. However, the previous works also contain certain drawbacks that would be unbeneficial for the practical applications:
1) In order to achieve the specific control targets under the nonideal grid condition, the fundamental, negative, and harmonic components of grid voltage have to be extracted [5] - [13] . The extraction procedure would employ many notch filters and low-pass filters; as a result, the phase delay and control error would be inevitable. 2) In order to implement the different control targets by employing VOC [5] - [11] or DPC [12] - [13] strategy, the control reference calculation of rotor current in VOC or active/reactive power in DPC is always complicated and time consuming. Furthermore, DFIG parameters deviation, as well as the fundamental, negative, and harmonic component change of grid voltage would also deteriorate the reference calculation accuracy and control target implementation. 3) In order to achieve the smooth active power output of DFIG system to the grid, the conventional control strategy, similar as [5] , would allow the existence of active power pulsation in the RSC, while the GSC is controlled to generate the opposite active power pulsation of same quantity as RSC, so as to maintain the overall smooth active power output of DFIG system. However, in order to realize that the GSC needs to communicate all the time with the RSC to acquire the accurate information of active power pulsation in the RSC, this would inevitably increase the DFIG system complexity and reduce the operation reliability. Liu et al. [17] proposed the stator harmonic current elimination technique by applying the closed-loop resonant controller for the stator current in RSC control. Since the stator harmonic current is directly regulated by the resonant controller, the complicated rotor current reference calculation and harmonic components extraction can be avoided. However, the control target of RSC is single and only the sinusoidal stator current can be implemented, while the voltage unbalance and GSC control are neglected.
This paper proposes the modularized control strategy of DFIG system under unbalanced and distorted grid voltage to avoid the communication between RSC and GSC, and the grid voltage fundamental, negative, and harmonic components extraction, as well as complicated reference calculation, can also be avoided. From the perspective of power grid friendly operation of DFIG system, the control targets of DFIG system are chosen as: 1) smooth active and reactive power of RSC and GSC into the power grid; 2) balanced and sinusoidal current of RSC and GSC injected into the power grid. Indeed, the DFIG electromagnetic torque ripple deserves much attention for the purpose of safe and reliable operation of mechanic components. However, it has been reported in [10] that the achieving of balanced and sinusoidal stator current would inevitably cause the electromagnetic torque ripple of 100 and 300 Hz, which means these two control targets are contradictory. In this paper, the authors tend to focus more on the wind power quality, rather than the reliable operation of mechanic components; therefore, the control targets of this paper are chosen as, balanced and sinusoidal stator current, or the smooth active and reactive power. The control target of eliminating the DFIG electromagnetic torque ripple can be investigated in the future work. This paper is organized as follows: in Section II, the mathematical model of a DFIG system under negative, fifth, and seventh harmonically distorted grids is briefly mentioned. The proposed modularized control strategy is described in detail in Section III. The occurrence of third harmonic current component under control Target I, the dc-link voltage fluctuation, and electromagnetic torque pulsation under both control targets are also theoretically analyzed in Section IV. The VPI regulator's robustness against DFIG parameters deviation is also analyzed in Section IV. Finally, in Section V, the experimental system on 1 kW laboratory DFIG system is developed to validate the availability of the modularized control strategy of DFIG system.
II. MATHEMATICAL MODEL OF DFIG RSC AND GSC UNDER UNBALANCED AND DISTORTED GRID VOLTAGE
Since the fifth and the seventh harmonic components are the major harmonic components in grid voltage [14] , only these two harmonic components are taken into consideration in this paper. The mathematical model of DFIG system under unbalanced and harmonic grid voltage has been well established in [5] and is described briefly as follows.
The stator current can be presented as [5] 
whereÎ + sdq is the conjugated vector ofÎ + sdq , P s and Q s are the stator active and reactive power. When the control target of smooth active and reactive power is selected, the third harmonic component would exist in stator current, while the stator current negative component would be zero, the detailed explanation can be found in Section IV-A.
It can be found out from (3) that the active and reactive power under unbalanced and distorted grid voltage would contain dc average component, 100 and 300 Hz pulsation components, which are produced by the interaction between fundamental and negative harmonic components. Furthermore, the 200 and 400 Hz power pulsation components can also be produced by the interaction between negative and harmonic components; they can be neglected in the control strategy due to the tiny amplitude.
The mathematic model of GSC current, active and reactive power can be similarly expressed as 
where the subscript g represents the GSC component. It should be noted that the U + sdq in (3) and U + gdq in (5) identically represent the grid voltage. When the control target of smooth active and reactive power is achieved, the third harmonic component would exist in the grid current, while the grid current negative component would be zero; the detail explanation can be found in Section IV-A. Therefore, based on the aforementioned discussion, it can be found out that when DFIG system works on the unbalanced and distorted grid, the unbalanced and harmonic current, as well as output active and reactive power pulsation, will be injected into the power grid, which is detrimental for the wind energy quality and unfavorable for the stable and reliable operation of power grid. It is of great importance to improve the injected wind energy quality in terms of either balanced and sinusoidal threephase current or smooth active and reactive power outputted from DFIG system.
III. PROPOSED MODULARIZED CONTROL STRATEGY
A. Detailed Description
The modularized control strategy and block diagram for RSC and GSC is shown in Fig. 1 . As shown in Fig. 1 (3) . The grid voltage phase angle θ 1 can be obtained by the PLL module based on the resonant regulator tuned at 100 and 300 Hz [12] . The rotor position θ r can be obtained from the encoder. The closed-loop control of rotor current I + rdq can be implemented based on PI regulator to control the DFIG average output power, and the rotor current reference I + * rdq+ can be obtained according to the power reference from the maximum power point track (MPPT) [11] .
When the alternative control targets, i.e., smooth active and reactive power output or balanced and sinusoidal stator current, are chosen, the closed-loop control with vector proportional integral (VPI) regulator tuned at 100 and 300 Hz would be employed to directly regulate the negative and harmonic components of stator current, or the 100 and 300 Hz pulsation of stator output active and reactive power.
The output of PI regulator and VPI regulator that are added together with the decoupling compensation item [5] would finally achieve the rotor control voltage reference U + * rdq , which would be used as the space vector pulse width modulation (SVPWM) module input to generate the IGBT switch signal for RSC.
2) GSC Control Strategy: In the GSC control strategy, the active and reactive power P g and Q g can be calculated according to the grid voltage U + gdq and current I + gdq . The grid voltage phase angle θ 1 can be obtained by the PLL module based on the resonant regulator tuned at 100 and 300 Hz [12] . Since the major function of GSC is to provide stable dc-link voltage V dc [5] , [8] , [12] , the closed-loop control of dc-link voltage is implemented based on PI regulator, and the output is considered as the d-axis current reference I + * gd+ . The I + * gd+ and the q-axis current reference I + * gd+ (which is normally set 0 to achieve unity power factor operation) would be used as the PI regulator input of current control loop to regulate the fundamental component of grid current.
When the alternative control targets, i.e., smooth GSC active and reactive power output or balanced and sinusoidal GSC current, are chosen, the closed-loop control with VPI regulator tuned at 100 and 300 Hz would be employed to directly regulate the GSC current negative and harmonic components, or the 100 and 300 Hz pulsation of GSC output active and reactive power. Then, the switch signal implementation process for GSC is the same as the control of RSC.
B. Advantage of Modularized Control Strategy
Based on the earlier description and control block diagram shown in Fig. 1 , it can be found out that, when the DFIG system operates under the unbalanced and harmonic voltage, the advantages of the modularized control strategy over the conventional coordinated control strategy [5] , [8] , [12] can be concluded as follows:
1) In order to achieve the two alternative control targets, both RSC and GSC are able to operate independently and no communication is required; thus, the DFIG system control complexity can be simplified. 2) The negative and harmonic components extraction of grid voltage, stator current for RSC, or grid current for GSC can be avoided, and the complicated control reference calculation is also avoided. Thus, the RSC and GSC control complexity can be reduced.
3) The control reference calculation for both RSC and GSC with control Targets I and II is no longer needed in the proposed control strategy, then the DFIG system parameters is not involved in the control reference calculation; thus, the possibility of DFIG system parameters deviation to influence the control accuracy can be eliminated.
C. Limitation of Modularized Control Strategy
However, there are also limitations of the proposed modularized control strategy:
1) when the control Targets I and II are achieved, the electromagnetic torque 100 and 300 Hz pulsation would be produced, and the DFIG bearing and gear-box would be damaged as a consequence; 2) the dc-link voltage 100 and 300 Hz fluctuations would be generated when the control Targets I and II are implemented; therefore, for the safe operation of RSC and GSC, the dc-link capacitor needs to be increased; 3) the third harmonic component of stator current and GSC current would be produced when the control Target I is achieved; this is explained in detail in Section IV-A. Therefore, the current injected into the power grid may be further polluted.
D. VPI Regulator
For the purpose of achieving the alternative control targets with the proposed modularized control strategy, it is important to implement the accurate control of 100 and 300 Hz components. The VPI regulator [18] - [20] , based on pole-zero cancellation to avoid the unexpected gain peak, can be used to eliminate the DFIG stator current or active and reactive power 100 and 300 Hz components control error (GSC three-phase current or active and reactive power 100 and 300 Hz) due to the adequate closedloop phase margin and accurate ac signal tracking capability [14] , [18] - [20] 
where ω c2 and ω c6 are the resonant bandwidth of 100 and 300 Hz components to widen the resonant frequency and improve the VPI regulator robustness against grid frequency variation; ω 1 is the angular speed of grid voltage fundamental component; K pr2 and K ir 2 , K pr6 and K ir 6 are the proportional and integral coefficients of VPI 100 and 300 Hz components, respectively, and K ir 2 = K pr2 R r /σL r , K ir 6 = K pr6 R r /σL r should be followed based on the rule of pole-zero cancellation for RSC control, and [19] , [20] .
IV. PERFORMANCE ANALYSIS ON MODULARIZED CONTROL STRATEGY
The two control targets can enhance the power quality outputted by the overall DFIG system. However, there is still some detrimental influence on the operation reliability of DFIG system. The following focuses on the performance analysis of DFIG system with the proposed modularized control strategy.
A. Analysis on Third Harmonic Current Under Target I
It was mentioned in [13] that, when the stator active and reactive power 100 Hz pulsation of DFIG are simultaneously removed, the third harmonic component in stator current would be generated as a consequence. However, only the qualitative analysis on the third harmonic current component was reported.
Considering that the third harmonic current component would further pollute the power grid, it is essentially necessary to quantitatively investigate the third harmonic current component when the control Target I is achieved from the perspective of the safe and reliable operation of power grid.
It needs to point out that the third harmonic current component is produced to eliminate the active and reactive power 100 Hz pulsation caused by the grid voltage unbalance and is irrelevant to the grid voltage harmonic distorted components; therefore, the following discussion on the third harmonic current component would involve the negative sequence component of grid voltage only.
In the RSC control, the 100 Hz active and reactive power pulsations are mainly caused by the interaction between grid voltage negative component U [13] . It should be pointed out that, since VPI regulator tuned at 100 Hz in synchronous frame would generate the ±100 Hz ac signals output due to VPI regulation capability for both +100 and −100 Hz ac error signal, the VPI regulator output would behave as −50 and +150 Hz ac signals in the stationary frame, which would finally result in the negative and third harmonic components in DFIG stator current, respectively. Importantly, the third harmonic component of DFIG stator current or the GSC three-phase current for eliminating fluctuations in active/reactive power output is different from the commonly known one (which is zero sequence with the three-phase current having the same phase angle); it is the positive sequence of 150 Hz. Thus, the three phases of the third harmonic current would have the phase angle of 300 πt + 0°for Phase A, 300 πt−120°for Phase B, and 300 πt−240°for Phase C. As a result, the third harmonic component of DFIG stator current or the GSC three-phase current is able to flow.
According to (3) , 100 Hz pulsation component of stator active and reactive power can be expressed as
where
Thus, based on (7b) and (7c), it can be seen that, in order to achieve smooth stator output active and reactive power, these equations need to be satisfied, k 3 = k 4 = 0 k 1 + k 5 = 0, and k 2 + k 6 = 0. Thus, the following conclusion can be obtained:
1) According to k 3 = k 4 = 0, it can be deduced that the negative component of stator current is null, i.e., I
− sdq − = 0, which means no stator current negative components would be injected into the power grid under the control strategy I of smooth active and reactive power. 
Similarly, according to k 2 + k 6 = 0, the q-axis component of third harmonic current can be presented as
Based on (8a) and (8b), it can be concluded that, when the control target of smooth active and reactive power is achieved, the stator current third harmonic component would be produced and is relevant to the negative voltage component and the fundamental current component. The grid may be further polluted due to the injection of the third harmonic current into the power grid.
The third harmonic component I 3+ gdq3+ of GSC current can be deduced similarly and expressed as
Therefore, based on (8a) and (8b) and (9), the overall third harmonic current components outputted from DFIG system can be presented as As the grid voltage unbalance condition becomes severe, the third harmonic current would also be aggravated. Similarly, the increasing of DFIG system active and reactive power would also enhance the third harmonic current.
B. DC-Link Voltage Fluctuation Under Target I and Target II
In the DFIG system, the dc-link voltage is first established by the GSC and then is regarded as the stable dc power supply for the RSC to implement the safe and reliable operation of DFIG system. Under the control Targets I According to [5] , the dc-link voltage would be influenced by the DFIG electromagnetic power, DFIG stator active power, and GSC active power C dV dc dt V dc = P e + P s + P g (11) where V dc represents the dc-link voltage, C is dc-link capacitor, P e , P s , and P g are the electromagnetic power, DFIG stator active power, and GSC active power, respectively. It should also be noted that the instantaneous active power pulsation in the GSC inductance L g is not null, but due to its significant small value compared with the P e , P s , and P g in (11), the following discussion would ignore the instantaneous active power pulsation in the GSC inductance L g .
The power positive direction in this discussion is defined as flowing from power grid to the DFIG system; therefore, in (11) , P e is always positive due to the electromagnetic power from wind turbine to the DFIG, P s is always negative due to the generator characteristic of DFIG, and P g is positive under subsynchronous state, or negative under supersynchronous state.
Based on (11), it can be seen that the dc-link voltage is determined by the three active power components, thus these active power pulsation needs to be investigated first.
1) Active Power Pulsation Under Control Target I:
As described in Section IV-A, when control Target I is achieved, no stator and grid current negative components would be produced. Therefore, the 100 Hz electromagnetic power pulsation can be presented as [17] 
where ω r is rotor electric angular speed, Ψ is flux, which can be presented as
Based on (8a) and (8b) and (13), (12) can be rewritten as
Similarly, the 300 Hz electromagnetic power pulsation can be presented as 
As can be observed from (14a) and (14b) and (17a) and (17b), when the control Target I is achieved, the electromagnetic power would contain 100 and 300 Hz pulsation components P I e2
and P I e6 , while the DFIG stator power and GSC power P s and P g would both be smooth without pulsation, i.e., P s2 = P s6 = P g 2 = P g 6 = 0; thus, according to (11) , the 100 and 300 Hz fluctuation of dc-link voltage under control Target I can be expressed as
2) Power Pulsation Under Control Target II: When control Target II is achieved, the balanced and sinusoidal stator and grid current would be ensured in the DFIG stator winding and GSC. Thus, the 100 Hz electromagnetic power pulsation can be presented as 
where A 1 and A 2 can be found in (14b). According to [8] , the DFIG stator active power and GSC active power would also contain the 100 Hz pulsation Based on the 100 Hz electromagnetic power pulsation in (19) , 100 Hz DFIG stator power pulsation in (20) , 100 Hz GSC power pulsation in (21) , it can be found out that 
The 300 Hz DFIG stator active power pulsation can be expressed as [ (26) Therefore, it can be found out that the power pulsation of 100 Hz under Target I in (14a) and (14b) and under Target II in (22) is different, while the power pulsation of 300 Hz under Target I in (17a) and (17b) and under Target II in (26) is also different.
However, it is reported in [1] that GSC provides the slip rate (s = (ω 1 − ω r )/ω 1 ) percentage of DFIG output active power
where s l is the slip rate, and the "−" indicates that the GSC power flows from grid to DFIG system under subsynchronous state (s l > 0), or from DFIG system to grid under supersynchronous state (s l < 0).
Then, under the special circumstance that both the RSC and GSC output zero reactive power, i.e., I + sq + = 0, I + gq+ = 0, and according to (27), the active power pulsation of 100 Hz under Target II in (22) can be transformed into the same as the active power pulsation of 100 Hz under Target I in (14a) and (14b). Similarly, the active power pulsation of 300 Hz under Target II in (26) can also be transformed into the same as the active power pulsation of 300 Hz under Target I in (17a) and (17b).
3) DC-Link Voltage Fluctuation Analysis: Undoubtedly, the active power pulsation of 100 and 300 Hz under Targets I and II would both result in the dc-link voltage fluctuation, and for the sake of discussion simplicity, only the case of special circumstance (i.e., I + sq + = 0, I + gq+ = 0) would be analyzed here, where both the 100 and 300 Hz power pulsation under control Targets I and II are the same; thus, the corresponding 100 and 300 Hz dc-link voltage fluctuation would be the same no matter which control target is selected under this special circumstance.
The dc-link voltage can be expressed including the dc component, 100 and 300 Hz fluctuation components as follows:
where V dc0 represents the dc component, V dc2cos , V dc2sin represents the 100 Hz cosine and sine fluctuation component, V dc6cos , V dc6sin represents the 300 Hz cosine and sine fluctuation component, V dc2m , V dc6m represents the overall 100 and 300 Hz fluctuation component, which can be calculated according to the trigonometric function as
Based on (28a) and (28b), the dc-link voltage fluctuation in (11) can be rewritten as
According to the 100 Hz power pulsation under control Targets I and II as given in (14a) and (14b) and (22), the 100 Hz dc-link voltage fluctuation in (29) can be presented as
Thus, the 100 Hz dc-link voltage fluctuation can be obtained as
The 300 Hz dc-link voltage fluctuation can be deduced similarly on the basis of (17a) and (17b) and (26) 
C. Electromagnetic Torque Pulsation Under Target I and Target II
When DFIG operates under the unbalanced and harmonic voltage, the smooth electromagnetic torque is usually set as the important control target for the reliable working of the mechanic parts, i.e., the gear-box and DFIG rotor shaft and bearing. Since the balanced and sinusoidal current, or smooth output power, is achieved for DFIG in this paper, 100 and 300 Hz fluctuation of electromagnetic torque will occur inevitably.
As deduced in Section IV-B, the 100 and 300 Hz fluctuation of electromagnetic power under control Targets I and II has been given in (14a) and (14b), (17a) and (17b), (19) , and (23). And the electromagnetic torque can be presented as
where T e is electromagnetic torque and p is the DFIG pole pairs. Therefore, based on (14a) and (14b), (17a) and (17b), and (32), 100 and 300 Hz pulsation of the electromagnetic torque under control Target I can be expressed as 
Similarly, based on (19) , (23), and (32), 100 and 300 Hz pulsation of the electromagnetic torque under control Target II can be expressed as
According to the electromagnetic torque pulsation expression shown in (33) and (34), the following conclusion can be obtained:
1) Based on A 1 -A 6 shown in (14b) and (17b), as the grid voltage unbalance and distortion become severe, the larger electromagnetic torque pulsation will occur. 2) It can be found out that the 100 Hz electromagnetic torque pulsation under control Target II is half as that under control Target I. Moreover, the 300 Hz electromagnetic torque pulsation under control Target II is also much smaller than that under control Target I; therefore, it can be verified that the overall electromagnetic torque pulsation under control Target II would be much smaller than that under control Target I.
D. VPI Regulator's Robustness Against DFIG Parameter Deviation
In the practical application, the DFIG parameter deviation may occur due to the temperature changing, skin effect or flux saturation, thus discussing the VPI regulator's robustness against DFIG parameter deviation would be essential, and for the sake of simplicity, the control Target II of balanced and sinusoidal stator current is taken as an example.
When the control Target II of balanced and sinusoidal stator current is implemented, the closed-loop control scheme can be shown in Fig. 2 .
The transfer function of control subject DFIG from VPI regulator output to stator current can be presented as
where R r is DFIG rotor resistance, σ = 1-L2m/L s L r is DFIG leakage inductance efficient, and L r is the DFIG rotor inductance.
Then, the closed-loop control transfer function can be presented as (36), shown at the bottom of the page.
Preliminarily, it should be noted that the leakage inductance efficient σ is calculated as
where L s is the stator inductance, L r is the rotor inductance, and L m is the mutual inductance.
The stator inductance and rotor inductance can be, respectively, presented as
where L σs is the stator leakage inductance and L σr is the rotor leakage inductance; L σs and L σr are almost equal. Thus, based on the transfer function of control subject DFIG, the rotor resistance R r , mutual inductance L m , and leakage inductance L σ (designating both L σ s and L σ r ) would be involved in the discussion of VPI regulator's robustness against DFIG parameter deviation. Typically, the variation range of mutual inductance L m , leakage inductance L σ , and rotor resistance R r is chosen, respectively, as ±20%, ±60%, and ±50% [21] . The corresponding bode diagram of closed-loop control transfer function with the different parameter deviation is shown in Fig. 3 .
As can be observed from Fig. 3(a) , once the mutual inductance L m deviates to 0.8 times or 1.2 times of the normal value, both the closed-loop magnitude response and phase response within 50-350 Hz would remain almost unchanged, and more importantly, the magnitude response at 100 and 300 Hz would maintain 0 dB, and the phase response at 100 and 300 Hz would remain 0°. As shown in Fig. 3(b) , when the leakage inductance L σ deviation of ±60% occurs, the slight changing of magnitude response and phase response within 50-350 Hz can be observed, while the magnitude and phase response at the control frequency of 100 and 300 Hz would remain 0 dB and 0°. When the rotor resistance R r deviation of ±50% happens, as given in Fig. 3(c) , the magnitude and phase response can keep almost same, and the magnitude and phase response of 0 dB and 0°at the control frequency 100 and 300 Hz can be ensured. Therefore, based on the analysis result shown in Fig. 3 , it can be found out that the effective working capability of VPI regulator under the circumstance of DFIG parameters deviation can be guaranteed, and the achievement of the control targets can be obtained. 
A. Experiment Setup
Experiment system was built on a laboratory prototype of 1 kW DFIG system as shown in Fig. 4 , the DFIG is driven by a 1.5 kW squirrel cage induction machine as the wind turbine. The induction machine is driven by a general converter. The Chroma 61704 is employed to simulate the practical unbalanced and harmonically distorted power grid. In the experiment, grid voltage negative, fifth, and seventh-order harmonic components are set 2.90%, 2.36%, and 1.17%, respectively. The parameters of the DFIG system are listed in Table I .
In the control of DFIG RSC, the rotor speed is initially set to 800 r/min (the synchronous speed is 1000 r/min). The dc-link voltage is provided by the GSC to be 200 V. Both the RSC and GSC control strategies are implemented on the two separate DSP TMS320F28335, and the driver for IGBT is SEMIKRON SKHI61. The sampling frequency is 10 kHz, and the IGBT switching frequency is 5 kHz. Fig. 5 shows the experimental result of DFIG system under unbalanced and distorted grid voltage condition when VPI regulator is disabled. It can be found out that the heavily unbalanced and distorted current in GSC and DFIG will occur; moreover, 100 and 300 Hz pulsation of the GSC and DFIG stator power would be produced; the detailed experiment result analysis can be found in Table II . Fig. 6 shows the experimental result of DFIG system under unbalanced and distorted grid voltage condition with control Target I, i.e., the smooth GSC output power and smooth DFIG stator output power is achieved. As can be seen, the GSC power and DFIG stator power would all become much smoother compared with the results in Figs. 5 and 7. It can also be seen from Table II that, in order to eliminate the 100 Hz GSC power and DFIG stator power pulsation, both the GSC current and DFIG stator current would contain nonnegligible amount of the third harmonic component. Similarly, for the purpose of removing the 300 Hz power pulsation, the GSC current and DFIG stator current would contain the severe fifth and seventh harmonic components compared with the result shown in Fig. 7 . The detailed experiment result analysis is also available in Table II . Fig. 7 shows the experimental result of DFIG system under unbalanced and distorted grid voltage condition with control Target II, i.e., the balanced and sinusoidal GSC current and DFIG stator current is achieved. In comparison with Fig. 5 , both the GSC three-phase current and DFIG stator current would be significantly improved with negligible harmonic distortion and tiny unbalance; this is quite helpful for the safe and reliable operation of the power grid. Besides, the pulsation of GSC power and DFIG stator output power would also be larger than that under control Target I. The detailed experiment result analysis is available in Table II .
B. Experiment Results
By analyzing the experiment results, it can be found out in Table II that compared with the control without VPI regulator, the unbalanced and distorted current, as well as power pulsation can be significantly improved whatever control target is implemented. Moreover, the pulsation of DFIG stator output active/reactive power and GSC active/reactive power under control Target I is much smaller than that under control Target II. Instead, the heavily distorted DFIG stator current and GSC current, containing third, fifth, and seventh harmonic components, would be generated under Target I as a consequence. It should be noted that no negative component of DFIG stator current or GSC current would occur under both control targets, which verifies the theoretical analysis in Section IV-A. Fig. 8 shows the experimental result of DFIG stator output active power stepping from 250 to 500 W with control Target II, and the GSC active power would correspondingly step from 50 to 100 W. It can be seen that the DFIG stator active power stepping takes the transient response time of around 100 ms, which proves the excellent dynamic regulation capability of the rotor current fundamental component. Moreover, it can be observed that the GSC current and DFIG stator current is able to maintain balanced and sinusoidal both before and after the stepping moment; this result validates the proposed modularized control strategy by applying the VPI closed-loop control. Fig. 9 shows the experimental result of DFIG speeding up from 800 r/min (0.8 p.u.) to 1200 r/min (1.2 p.u.) under unbalanced and distorted grid voltage condition with control Target II: balanced and sinusoidal GSC three-phase current and DFIG stator current. As can be seen from Fig. 9 , when the rotor speed acceleration happened, the GSC current would first decrease to 0, then the direction of GSC current would become opposite, indicating that the GSC would operate as an inverter under supersynchronous state, and the GSC power would flow from the dc-link capacitor to the power grid. Importantly, it should be noted that since the several losses (copper loss, magnetizing loss) in the experiment inevitably exists; therefore, the magnitude of GSC current under subsynchronous state would be smaller than that under supersynchronous state (P g = 100 to −40 W) due to these losses. Moreover, the stator current is able to maintain constant within the DFIG speeding moment, and the stator output power can also remain constant as a result. The rotor current, which is relevant to the DFIG rotor speed, would change according to the speeding variation with very smooth transient response, and no overcurrent or overshoot can be observed. Thus, it can be concluded that the proposed control strategy is able to maintain effective under the circumstance of DFIG speed variation, thus making the strategy applicable in the practical situation where DFIG speed variation happens frequently.
VI. CONCLUSION
The paper presented a modularized control strategy of the DFIG system under unbalanced and distorted grid voltage, with the control targets of smooth active and reactive power of RSC and GSC, or balanced and sinusoidal current for both RSC and GSC. Several advantages over the conventional control strategy have been validated: 1) avoids the negative and harmonic component extraction in GSC and RSC; 2) removes the complicated and time-consuming current reference calculation; and 3) is able to cancel the communication between RSC and GSC. It has been proved that when the smooth active and reactive power is achieved, no negative component of current would be generated, but only third harmonic current component occurs, which would unfortunately further pollute the power grid. However, the 100 and 300 Hz dc-link voltage fluctuation would be generated when control Targets I and II are achieved; the electromagnetic torque 100 and 300 Hz pulsation under control Targets I and II have also been theoretically analyzed. Besides, it has also been proved that the VPI regulator has strong robustness against DFIG parameters deviation.
